To investigate the involvement of atrial natriuretic peptide (ANP) in secondary hypertension, we examined hormonal and renal responses to ANP infusion (0.025 ,ug/kglmin) in 27 patients with renal parenchymal hypertension, 10 with primary aldosteronism, 8 with renovascular hypertension, and 15 normotensive subjects. The preinfusion plasma concentration of ANP was significantly higher in patients with renal parenchymal hypertension (120 pg/ml, p<0.01) and in patients with primary aldosteronism (98 pg/ml, p<0.05) than in the normotensive subjects (40 pg/ml), but it was not greater than in the patients with renovascular hypertension (73 pg/ ml, NS). In the patients with renal parenchymal hypertension, plasma ANP correlated negatively with creatinine clearance (r= -0.76, p<0.001). Mean blood pressure (-5%, p<0.01) and plasma aldosterone (-40%, p<0.001) decreased to a similar degree in the four groups during ANP infusion. However, an increase in urinary sodium excretion caused by ANP was higher in the hypertensive than in the normotensive patients (+250% vs. +70%, p<0.01) and correlated positively with mean blood pressure during ANP infusion (r=0.47, p<0.001). The removal of adenomas in the patients with primary aldosteronism significantly lowered both plasma levels of ANP and cyclic guanosine 2',3'-monophosphate and reduced an increase in sodium excretion during ANP infusion, whereas the responses of blood pressure and plasma aldosterone to ANP infusion were not altered by the operation. Thus, these results suggest that elevated ANP secretion and increased natriuretic responses to ANP may modify the blood pressure and body fluid volume status in some types of secondary hypertension. (Circulation 1988;78:1401-1410 Because atrial natriuretic peptide (ANP), orig- 
In this context, its pathogenetic roles in both experimental and human hypertension have been extensively investigated. Although it is still uncertain whether or -not the renal and vascular effects of ANP are physiological, animal experiments with specific antisera raised against ANP have suggested that ANP participates in the regulation of basal blood pressure and renal sodium handling.23 Accordingly, if ANP secretion is insufficient in some conditions, it may result in the expansion of body fluid volume and an elevation of blood pressure.
However, such pathological conditions have not yet been reported. Animal models for hypertension such as spontaneously hypertensive rats4 and DOCA salt-sensitive hypertensive rats5 have elevated plasma concentrations of ANP. Furthermore, both spontaneously hypertensive6 and DOCA saltsensitive hypertensive rats7 are more responsive to ANP with regard to blood pressure and urinary sodium excretion than the respective control animals. We have also reported that patients with essential hypertension have higher plasma concentrations of ANP and greater natriuretic responses to exogenously infused ANP compared with normotensive patients.8 Such enhanced ANP activity in essential hypertension may lead to the hypothesis that ANP plays a compensative role for elevated blood pressure rather than a causative one. However, there are sharp differences of opinion concerning ANP activity in essential hypertension. The plasma concentration of ANP has been reported by several investigators to be elevated in patients with essential hypertension,9-12 whereas a similar number of investigations have not reported any differences in the plasma level of ANP between hypertensive and normotensive patients. [13] [14] [15] [16] The exact mechanisms of elevated ANP secretion in hypertension, if any, have not been elucidated. In some investigations that showed higher plasma ANP in hypertensive than in normotensive patients,9,10 plasma ANP correlated positively with blood pressure or negatively with plasma renin activity, suggesting that altered cardiovascular hemodynamics or the expansion of extracellular fluid volume might influence plasma ANP. Therefore, to examine which blood pressure or body fluid volume is more important in relation to an increase in the plasma ANP, it would be helpful to compare the plasma ANP levels in hypertensive patients with various statuses of blood volume, that is, volume-overload and nonoverload types of hypertension.
Thus, to determine whether or not such elevated ANP secretion or increased renal responses to ANP or both are specific for essential hypertension, we measured plasma levels of ANP and examined the renal and endocrine responses to ANP infusion in patients with various types of secondary hypertension.
Subjects and Methods Subjects
The subjects included 10 patients with primary aldosteronism (PA), 27 with renal parenchymal hypertension (RH), eight with renovascular hypertension (RVH), and 15 normotensive patients. These subjects were all hospitalized and placed on a diet containing NaCI 8 g/day. Eleven of the 43 hypertensive patients were treated before admission (four in the RH group received nifedipine or nicardipine and frusemide, three in the RH group received nifedipine or nicardipine, one in the RVH group received nifedipine and captopril, one in the RVH received nifedipine, one in the RVH group received captopril, and one in the PA group received spironolactone). Medication was withheld on the day of admission, except for three patients in the RH group. The combined therapy of nifedipine and frusemide in these three patients was discontinued 1 week before the ANP infusion study. The infusion study in the other previously treated Nihoncolin, Aichi, Japan). The study was completed at about 11:00 AM. In six of the 10 patients with PA, the ANP infusion study with the same protocol was repeated about 4 weeks after the adrenal operation. Their mean (+SEM) age was 45±4 years (two men and four women). Furthermore, in five healthy subjects (mean age, 37±2 years; mean body surface area, 1.84±0.09 m2), the time-course changes in blood pressure and renal and endocrine function with the above described protocol but with vehicle infusion instead of ANP infusion were also observed.
Sample Measurements
Sodium and potassium concentrations in the urine and plasma were measured with a flamephotometer (IL Autocal Flame Photometer G43, Instrumentation Laboratory, Lexington, Massachusetts). The glomerular filtration rate and effective renal plasma flow were estimated by measuring the renal clearance rates of endogenous creatinine and that of PAH, respectively. Creatinine and PAH in the plasma and urine were measured by Jaffe's reaction and Marchall's reaction, respectively, as previously reported.17 Renal blood flow was calculated from the clearance rate of PAH and hematocrit levels. The assay methods of plasma hormones were plasma aldosterone concentration and plasma renin activity (PRA) by standard radioimmunoassay,17 cGMP by radioimmunoassay after succinylation18 (cGMP assay kit, Yamasa, Chiba, Japan), immunoreactive ANP concentration by radioimmunoassay according to the method reported by Miyata et al. 18, 19 In this assay system, the intercept of 50% binding was about 13 pg/tube, and the sensitivity was less than 1 pg/tube. The intra-assay variation was 3.6% (n= 10), and the interassay variation was 11.0% (n= 1 1).
Statistical Analysis
Variables are expressed as mean±SEM. Two preinfusion measurements were averaged for the values of the control period, and values for the infusion and recovery periods were taken as those during the second urine-collecting periods of the respective phase. Urine volume, urinary sodium excretion, renal blood flow, and creatinine clearance were corrected with respect to body surface area. Differences between groups were assessed by the modified t test based on one-way analysis of variance. Effects of ANP infusion and those of surgery in the patients with PA were estimated by paired t test. Correlation coefficients were calculated by the least-squares method. Levels of significance were set at a p value less than 0.05.
Results
Plasma Levels of Atrial Natriuretic Peptide and cGMP Plasma concentrations of ANP in the PA and RH groups during the control period were significantly higher than those in the normotensive group ( Figure  1 ). The average plasma ANP was also higher in the RVH group than that in the normotensive group, but the difference did not reach significance. ANP infusion at 0.025 gg/kg/min increased the plasma ANP concentration by about eight times in each group, and plasma ANP in the RH group during the infusion period was significantly higher than in the other three groups. The plasma ANP concentration during the recovery period returned to the preinfusion level. Basal plasma concentrations of cGMP in the PA and RH groups were also higher than that in the normotensive group (Figure 2 ) and closely correlated with those of ANP in the four groups (r=0.84, p<0.001). The plasma cGMP concentration was markedly increased during ANP infusion, with the changes in plasma cGMP not being different among the groups. In contrast to plasma ANP, the plasma cGMP concentration 30 minutes after cessation of ANP infusion was still higher than that during the control period. Effects of Atrial Natriuretic Peptide on Blood Pressure, Plasma Renin Activity, and Plasma Aldosterone Concentration Mean blood pressure, which was obviously higher in the hypertensive groups than in the normotensive group throughout the study, was significantly lowered by ANP infusion to a similar degree in the four groups ( Figure 3 ). Figure 4 demonstrates the plasma renin activity and plasma aldosterone concentration before, during, and after ANP infusion. The plasma renin activity was stimulated in the RVH group, whereas it was suppressed in the PA group during the control period, and it was not affected by the infusion. In contrast to the plasma renin activity, ANP infusion significantly reduced the plasma aldosterone concentration. Although basal plasma aldosterone concentration was very high in the PA and RVH groups, the levels of reduction in plasma aldosterone concentration were comparable in the four groups (about -40% each, p<0.001). The plasma aldosterone concentration returned to basal levels during the recovery period. Renal Responses to Atrial Natriuretic Peptide Table 2 summarizes the urine volume, urinary sodium excretion, renal blood flow, and creatinine clearance before, during, and after ANP infusion, and changes in urinary sodium excretion are presented in Figure 5 . Although significant ANP diuretic and natriuretic effects were observed in the four groups, changes in the urinary sodium excretion were greater in the hypertensive groups than in the normotensive group. The average creatinine clearance was markedly reduced in the RH group during the control period compared with that in other groups (p<0.05), but it was significantly increased plasma ANP concentration increased exponentially with a decrease in creatinine clearance. Thus, within the RH group, the plasma concentration of ANP was negatively correlated with creatinine clearance ( Figure 6 ). However, the plasma ANP concentration was not correlated with the mean blood pressure within any group or in all. When factors involving natriuretic responses were assessed, changes in urinary sodium excretion significantly correlated with the mean blood pressure during ANP infusion and changes in creatinine clearance by ANP (Figure 7 There were no significant adverse effects in any group during or after ANP infusion. Table 3 summarizes the time-course changes in blood pressure, plasma hormones, and renal function during vehicle infusion in the healthy subjects. None of the variables changed significantly. Discussion
Effects of Vehicle Infusion
In the present study, we measured the plasma ANP concentration in patients with three types of secondary hypertension and analyzed the relation between the plasma ANP level and renal function or blood pressure. As a result, the plasma concentrations of ANP in the PA and RH groups of patients were significantly higher than that in the normotensive subjects. The RH group, with lower creatinine clearance, showed higher plasma ANP levels compared with the normotensive group despite comparable blood pressure, suggesting that body fluid expansion resulting from reduced renal function may elevate ANP secretion, at least in the RH group. This is compatible with the findings that very high plasma ANP concentrations in renal failure are markedly lowered by body fluid volume reduction with hemodialysis.20
Plasma ANP concentration was also significantly higher in the patients with PA than in the normotensive patients. Moreover, the successful surgical removal of adenomas lowered the plasma concentration of ANP in all of the patients with PA that were examined. It has been reported that plasma ANP in patients with PA is decreased by spironolactone treatment. 13, 21 Furthermore, the DOCA saltsensitive hypertensive rat, which is considered to be an animal model for human PA, also exhibits high plasma ANP concentration.5 These findings suggest that ANP secretion is enhanced in hypertension caused by hyperaldosteronism.
In was substantially higher than in the normotensive patients in the present study, it is possible that the state of RVH may raise plasma ANP. Further studies are needed to clarify this.
The most important stimulus for ANP secretion has been considered to be the extension of atrial walls. Both blood pressure elevation and plasma volume expansion are capable of increasing plasma ANP concentration.24,25 We could not specify whether volume expansion or high blood pressure was more important in relation to increases in the plasma ANP concentration of the PA group because the surgery probably corrected both hypervolemia and hypertension. However, blood pressure was not related to the plasma ANP concentration within any group or in the whole. Moreover, the average plasma ANP level in the PA group was slightly higher than in the RVH group, despite the lower blood pressure and higher creatinine clearance. Thus, although we did not measure plasma volume in the present study, these results suggest that the increase in ANP secretion may be more importantly related to increased body fluid volume rather than to high blood pressure.
Antihypertensive agents might affect the plasma ANP concentration in the present study, particularly in the three patients with marked renal failure in whom medication was discontinued 1 week before the study. These patients were given nifedipine and frusemide. Although calcium antagonists cause a transient increase in plasma ANP concentration,26 a 1-week washout period is long enough to eliminate the effects of nifedipine. On the other hand, frusemide could still decrease the plasma concentration of ANP 1 week after its cessation.27 However, the plasma ANP concentration in these patients remained extremely high (477, 386, and 222 pg/ml). Furthermore, the converting enzyme inhibitor, which two patients with RVH were given, has been reported not to change the plasma ANP level. 28 Thus, the treatments before the examination did not appear to have a major influence on the plasma concentration of ANP in the present study.
It has been well established that ANP has potent depressor, natriuretic, and aldosterone suppressing In the present study, the plasma concentration of cGMP was positively correlated with that of ANP. This is not specific for patients with secondary hypertension because we have already reported a close correlation between plasma ANP concentration and plasma cGMP in heart disease. 18 It is well known that exogenously administered ANP markedly increases the plasma concentration of cGMP.33 However, the present study has revealed that endogenous ANP also has some influence on the plasma concentration of cGMP, suggesting that the plasma cGMP level is a consistent functional indicator of endogenous ANP activity.
The exact mechanisms of the natriuretic effects of ANP are still unclear, but one of the characteristic facets is that the renal effects of ANP are influenced considerably by renal hemodynamics.34-36 Davis and Briggs36 have shown that reduction in renal perfusion pressure remarkably attenuated ANPinduced natriuresis in dogs. The natriuretic responses to ANP in patients with secondary hypertension were greater than those in the normotensive patients. Moreover, the higher the mean blood pressure during ANP infusion, the greater was the natriuretic response. Together with the finding that patients with essential hypertension are more responsive to ANP in natriuresis,8,37,38 high blood pressure itself seems to contribute to the renal effects of ANP. We have observed that the natriuretic responses to ANP in patients with uremic or advanced heart failure also depend in part on the blood pressure during ANP infusion.39 If ANP increases the glomerular filtration rate primarily by some mechanism, such as vasodilatation of the afferent arterioles40-42 or an increase in permeability of the glomerular capillary,4' high renal perfusion pressure may promote the natriuretic effects of ANP.
Facial flushing, hypotension, and bradycardia have been reported as the side effects of ANP infusion. [43] [44] [45] In the present study, such signs or symptoms were not found. This seems to be attributable to the relatively low dose infused in the current study because we have observed hypotension and bradycardia during ANP infusion or immediately after cessation of ANP infusion only at a rate greater than 0.05 gtg/kg/min in healthy subjects. 44 In conclusion, ANP secretion in patients with secondary hypertension is enhanced. Although this mechanism remains to be clarified, body fluid volume expansion together with high blood pressure may contribute to plasma ANP elevation. In addition, increased natriuretic responses to ANP observed in patients with secondary hypertension may also modify the blood pressure and body fluid volume status in these disease conditions.
